Background: The Mediterranean Diet (MD) has been linked to a reduced risk of developing degenerative diseases, including atherosclerosis, heart stroke, diabetes, arthritis and cancer. However, only a few scientific investigations have attempted to validate this impression. The ingredients of the MD include significant amounts of omega (ω3, ω6, and ω9) unsaturated fatty acids (UFAs). A few studies of these UFAs in the prevention or treatment of arthritis have yielded controversial results, but a general belief regarding their beneficial effects has prevailed. Objective: To investigate the effects of three relevant UFAs, namely Docosahexaenoic Acid (DHA), Arachidonic Acid (AA), and Oleic Acid (OA) (ω3, ω6, and ω9, respectively), in the development of arthritis using a murine model of Collagen-Induced Arthritis (CIA). Methods: DBA-1 mice were immunized with chicken collagen type II (CII) and were subsequently treated with ω-UFAs for 53 days. Dexamethasone (DEXA) was used as a positive anti-inflammatory agent. The effect of the treatments was evaluated through several parameters: inflammation indices, antibody levels, cell proliferation, and histopathological findings. Results and Conclusion: The anti-inflammatory effect of the tested substances was inversely correlated with the histopathological findings: a greater antiinflammatory effect was associated with less articular damage. Oleic acid (ω9) was the most efficient anti-inflammatory UFA, followed by DHA and then AA. DEXA completely inhibited the development of arthritis, whereas the untreated CII-immunized mice developed the most severe articular damage. DBA-1 mice with CII-induced arthritis constitute an adequate model for the study of arthritis and its treatment.
Introduction
Rheumatoid Arthritis (RA) is an autoimmune, inflammatory chronic disease that primarily affects the diartroidal articulations, damaging both cartilage and bone. The disease evolves gradually, initiating with articular pain and inflammation of hands; then feet are also affected. At the long run RA produces systemic manifestations such as myalgia, tiredness, weight loss, depression, fever and anorexia. At this stage the mortality rate is high resulting from cardiovascular, infectious, hematologic, gastrointestinal, and lung complications.
The disease has an overall prevalence of 0.5% to 1.0% and a variable annual incidence of 12 to 1200 per 100,000 inhabitants, depending on factors such as ethnicity, sex, age, and life style. RA is three times more frequent in women than in men, and hormonal changes are blamed for that.
The origin of RA is multifactorial and immunologic, genetic, dietetic, and environmental factors are recognized as key participants. All elements of the immune response are implicated in the pathology of the disease but CD4+T cells Th1 and Th17 are the orchestrating populations. T cells drive B cells to produce antibodies to collagen, proteoglycans, matrix proteins, IgG, and citrullinated peptides; T cells stimulate T cells, macrophages, fibroblasts, and endothelial cells to release a wide range of cytokines (IFNγ, TNF, IL-1, IL-6, IL-17, etc.) which participate in the recruiting and activation of additional inflammatory cells, including new T cells, B cells, mast cells, and neutrophils. All of these cells and cytokines participate in the articular and systemic damage of arthritis.
Rheumatoid Arthritis (RA) is a disease for which a definitive cure has not been found. This lack of a cure has motivated the development of several animal models to not only better understand the immunopathology of the disease but also test new anti-inflammatory drugs that may arrest progression of the disease.
Among the several models developed, DBA-1 (H-2q) mice with Collagen-Induced Arthritis (CIA) represent the model that most resembles the human pathology and in which most new treatments have been investigated [1] - [3] . Inflammation of the front and rear paws, including edema and erythema, appears within one month following immunization with type II collagen and then progresses to marked synovitis, which ultimately leads to articular ankylosis. Pannus infiltration of the synovia with erosion of the cartilage and subchondral bone constitutes characteristic features of the disease, and T-and B-lymphocytes, macrophages, neutrophils, and fibroblasts are the predominant cellular components of the pannus and the cells responsible for the observed articular damage [2] [3] .
The treatment of arthritis is routinely performed with conventional Disease-Modifying Anti-Rheumatic Drugs (cDMARDs), including methotrexate, sulfasalazine, leflunomide and chloroquine [4] - [6] ; most of these agents, however, have different long-term side effects. In addition, blockers of kinases in proinflammatory signalling cascades have recently been developed and successfully tested in RA trials, but their routine use has not yet been approved by the FDA [7] .
An alternative treatment for arthritis involves the use of nutriments enriched in Unsaturated Fatty Acids (UFAs), namely omega 3 (ω3) and ω9. It has been noted that eating a diet rich in fish, olive oil (and other oils), and vegetal fibre (the so-called Mediterranean diet) considerably reduces the risk of developing a series of chronic degenerative illnesses, such as atherosclerosis [8] , coronary disease [9] , RA [10] , psoriasis [11] , diabetes mellitus [12] and even cancer [13] [14] . Most of these beneficial effects have been attributed to fish oil, a rich source of ω3 fatty acids, and olive oil, a rich source of ω9 fatty acids. In RA, for instance, a great deal of information regarding the beneficial effects of foods and supplements enriched in omega fatty acids (mainly ω3 UFAs) has been reported. In most of these studies, supplements were administered in addition to conventional therapy [10] [15] , but few studies have been conducted with isolated fatty acids [16] [17] . The present study simultaneously analysed the effects of three purified UFAs, namely docosahexaenoic (ω3), arachidonic (ω6) and oleic (ω9) fatty acids, in the prevention of collagen-induced arthritis in mouse in the absence of any other treatment and evaluated the inflammatory changes.
Materials and Methods

Reagents
Unless otherwise indicated, the reagents, including omega fatty acids, were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Mice
Six-week-old female DBA-1 mice were purchased from Harlan (Indianapolis, IN, USA). Upon arrival, the mice were handled according to the Official Mexican Norm for the Correct Use of Small Experimental Animals (NOM-062-ZOO-1999), and the project was sanctioned by the Institutional Ethical Research Committee (Approval document: CEI-ENCB 16/01/2014).
Collagen Type II (CII)
Collagen was isolated from chicken sterna following the procedure and indications described by Inglis et al. (2008) [18] . The purity of CII was assessed by polyacrylamide gel electrophoresis (PAGE) under reducing conditions.
Freund Adjuvant
Incomplete and complete (4 mg/ml Mycobacterium tuberculosis) Freund adjuvants were purchased from MD Bioproducts (St. Paul, MN, USA).
Collagen Type II (CII) Inoculum
An emulsion of CII-CFA was prepared following the recommendations provided by Bevaart et al. [19] and Rosloniec et al. [3] .
Immunization
Arthritis was induced by subcutaneously injecting 50 μl of CII in complete Freund's adjuvant (CFA) into each side of the tail base (for a total of 300 µg/mouse). The inoculum was prepared by admixing 6 mg of collagen dissolved in 1.0 ml of 0.1 M acetic acid with an equal volume of CFA (4 mg of killed M. tuberculosis/ml). A booster consisting of the same amount of collagen in incomplete Freund's adjuvant was administered 15 days later. Non-inoculated DBA-1 mice were also included in the study as a control.
Treatment
Six groups of 5 mice each were distributed and treated as indicated in Table 1 . The dosages of omega-UFAs and dexamethasone were calculated from the dosages administered to humans suffering from a great variety of disorders, particularly arthritis (36 -54 mg/kg of body weight). For a mouse weighing 20 -25 g, this dosage ranged from 1.0 to 1.1 mg of the UFAs, which is a dose similar to that successfully used in a study with only DHA [17] . For treatment, UFAs were dissolved in light mineral oil to a concentration of 10 mg/ml, and 0.1 ml of the solution was administered daily via the gastric route through a ball-ended metal cannula. The control mice received plain mineral oil.
Arthritis Assessment
Arthritis development was assessed a) through daily measurement of the paws' thickness using a clock-type calliper (Mitutoyo 7301, Tokyo, Japan) and b) through the daily recording of the inflammatory changes (edema, erythema, swelling) in each paw according to the following scale: fingers/toes (1 point each), wrists/ankles (5 points each), and acute pain (1 point per limb), resulting in a total of 11 points per paw (44 points per mouse). The presence of pain was deduced if the mouse exhibited an uncomfortable reaction during measurement of the pad thickness. The inflammatory changes were monitored for 53 days. The measurements and evaluation of inflammation were performed by a single trained person, who was not informed of the administered treatment, and the experimental groups were labelled with a numerical code (from 01 to 06).
Lymphoproliferation
At the end of the study, suspensions of splenocytes from each mouse were prepared in Dulbecco's Modified Eagle's Medium (DMEM-FCS), plated in quadruplicate into 96-well plates at a density of 5 × 10 5 cells per well, and stimulated with a) DMEM-FCS or b) C-II (4.0 µg/well). The functionality of the assay was established in cell cultures stimulated with concanavalin-A (0.5 µg/well). Stimulated and non-stimulated spleen cells were incubated for 72 h at 37˚C with 4% CO 2 . At the end of the incubation time, 20 µl of MTT (7.5 mg/ml in PBS) was added to each well, and the plates were returned to the incubator for an additional 6 hours. The plates were then centrifuged (700× g/7min), and the sediment (blue formazan) was dissolved overnight with 200 µl of 10% SDS in 0.1 N NaOH. The colored solution was analysed using an ELISA reader (Multiskan Plus, Labsystems, Finland) at 540 nm.
Antibody Measurement
Anti-collagen antibodies in the sera of all of the experimental animals were measured using an enzyme-linked immunosorbent assay (ELISA). The assay was a standard protocol and consisted of a) overnight coating of the ELISA wells with 5.0 µg of CII in 0.1 ml of 0.05 M Tris-0.2 M NaCl at pH 7.5; b) blocking of the wells with 0.2 ml of 3% skim milk in 0.15 M PBS for 30 min; c) incubation for 2 h with 0.1 ml of the sera diluted 1:100, 1:500 and 1:1000 in PBS; d) incubation for 1 h with 0.1 ml of HRP-goat anti mouse immunoglobulin antibody diluted 1:000 in PBS; and e) detection of the antigen-antibody complexes with 0.1 ml of a chromogenic mixture (3 mg of orthophenylene diamine and 10 µl of 30% hydrogen peroxide in 10 ml of 0.01 M acetate buffer, pH 6.0). Between these steps, the wells were washed 3 times for 5 min each with PBS. After the addition of 20 µl of 8N H 2 SO 4 to terminate the reaction, the absorbance of the colored product was determined using a Multiskan Plus ELISA reader (Finland) at 492 nm.
Histopathological Analysis
The mice were sacrificed by CO 2 inhalation and were bled by heart puncture. Their rear and front pads were then amputated, maintained in 10% buffered formalin for 3 days, decalcified in EDTA-PBS for 3 -4 weeks and processed for paraffin inclusion and sectioning according to a standard procedure. The sections were stained with haematoxylin-eosin for general histopathology.
Statistical Analysis
The pad thickness and inflammation indexes were analysed by Student's t test for 2 independent means (one-tailed hypothesis) at a significance level of 0.05. The lymphoproliferation results and the antibody levels were analysed by the Mann-Whitney U test using a one-tailed hypothesis and z-ratio at a significance level of 0.05.
Results
Collagen-Induced Arthritis in the Mouse
More than 80% of the mice immunized with type II collagen developed a marked inflammatory reaction reminiscent of arthritis in humans. Inflammatory changes appeared by day 11, but the arthritis became overt by day 21 in the mice that received a booster on day 14. Representative images of the rear pads of a healthy mouse and a CII-immunized mouse are shown in Figure 1 . Mice receiving diverse treatments showed inflammatory responses that ranged between these two extremes.
Mice Immunized with CII Developed Progressive Paw Swelling
The inflammatory changes (measured with inflammation indices) that occurred in the mice immunized with CII are illustrated in Figure 2 . The results showed that the untreated mice developed an inflammatory response that progressed until the end of the 53-day study period. In contrast, dexamethasone controlled the inflammatory reaction from the beginning of the treatment, and the omega fatty acids showed intermediate effects between these two extreme results. The analysis of the effects observed at the end of the study showed that the least effective UFA was arachidonic (ω6) acid and that the most effective was oleic (ω9) acid, closely followed by DHA (ω3) acid. Figure 3 shows the kinetics of the thickening in the front paws of DBA-1 mice subjected to the different treatments, and the kinetics of the stiffening in the rear paws are shown in Figure 4 . Dexamethasone inhibited the development of CIA from the beginning of the treatment. Arachidonic (ω6) acid had an inhibitory effect during most of the study but then lost its inhibitory effects, and the inflammatory activity of CII in this group increased to the level observed in the untreated CIA mice. Omega 9 and ω3 fatty acids behaved in a comparable manner: treatment of the CIA-mice with ω9 and ω3 UFAs reduced the inflammatory reaction by more than 50% and by close to 30%, respectively. Thus, although both the rear and front paws became inflamed, the inflammatory reaction was more frequent and more serious in the front paws. The comparison of the pad thicknesses and inflammation indices yielded basically the same results. 
Inflammation in the Front Pads of DBA-1 Mice Was More Frequent and More Serious than Inflammation in the Rear Pads
Histological Changes
The footpads of healthy and CIA mice subjected to the diverse treatments showed variable degrees of articular involvement; a brief description of the most conspicuous alterations, which includes a composite description of the changes observed within each group, is provided below. The articular damage degree (DD) was rated from none (0) to maximal (4+) according to the histopathologist's expertise and description. Images representative of the several observed changes are shown in Figure 5 .
Carpus Joints
The carpus joints of healthy (HLTH) mice showed a normal histology: a straight synovial space and capsule, neat bone surfaces, and integrity of the cartilage and bone with normal numbers and morphologies of chondrocytes and osteocytes. The CIA mice presented extensive tissue infiltration consisting of macrophages, lymphocytes, fibroblasts, and some PMN cells, obliterating the synovial space and eroding the bone, which are changes indicative of an active ongoing inflammatory process (DD 4+). The dexamethasone (DEXA)-treated CIA mice presented an essentially normal bone architecture with some pannus (P) on the bone surface and some bone erosion (BE) (DD 0-1+). The docosahexaenoic acid (ω3)-treated CIA mice showed remnants of tissue infiltration (IT) and emerging tissue regeneration (RT) (DD 1-2+). The arachidonic acid (ω6)-treated CIA mice showed extensive tissue infiltration with extreme bone destruction and complete loss of the articular architecture (DD 4+). The oleic acid (ω9)-treated CIA mice showed a restored architecture, with cleared synovial spaces and a predominance of young chondrocytes and osteoclasts in the regenerating bones (DD 0-1+).
Metatarsal-Phalangeal Joints
The metatarsal-phalangeal articulations of healthy (HLTH) mice showed intact bones and synovial spaces as well as normal cellularity of the bone and cartilage (DD 0). The articular bones of a CIA mouse showed extensive inflammatory tissue (IT), bone destruction (BE), and obliterated synovial space (DD 4+). The DEXAtreated CIA mice showed a normal structure of the articular bones and synovial space (DD 0). The ω3-and ω9-treated CIA mice showed a predominant repairing reaction, with regenerating tissue (RT) consisting of young chondrocytes and osteoclasts, and synovial spaces with a relatively neat appearance (DD 1-2+). The ω6-treated CIA mice showed articular bones that were extensively damaged by inflammatory tissue rich in blood vessels, mononuclear cells and PMN cells (DD 4+).
Tarsus Joints
The tarsal articulations of the normal mice (HLTH) showed intact cartilage and bone tissue, smooth articular surfaces, clean synovial spaces and normal chondrocyte and osteoclast cellularity (DD 0). The CIA mice showed tarsal articulations with evident inflammatory tissue obliterating the synovial space and marked bone destruction (DD 4+). The DEXA-treated CIA mice showed a normal bone articular architecture (DD 0). The ω3-and ω6-treated CIA mice presented articulations showing the sequel of bone erosion (BE) and an ongoing development of tissue regeneration (RT) (DD 2+). The ω9-treated CIA mice showed a completely normal articular architecture (DD 0).
Tibia-Calcaneus-Tarsus Joints
These bones in a healthy (HLTH) articulation showed a normal histology with intact bone surfaces, clean synovial spaces, and normal cellularity of osteoclasts and chondrocytes (DD 0). In CIA mice, these articulations showed a significant amount of inflammatory tissue (IT) consisting of macrophages, lymphocytes and a variable number of PMN cells with evident erosion of the bones and obliterated synovial spaces (DD 4+). The dexamethasone (DEXA)-treated CIA mice showed an articular structure similar to that of HLTH mice (DD 0). The ω3-and ω6-treated CIA mice showed articular bones with only remnants of tissue inflammation and regenera-tion (RT) of the articular cartilage (DD 1+). The ω9-treated CIA mice showed articular structures with no obvious signs of inflammation but with proliferating regeneration tissue (RT) consisting of young chondrocytes (DD 0). The above-described alterations were semi-quantified using an arbitrary damage degree (DD) scale (Table 2) , and the numeric values are graphically illustrated in Figure 6 .
As observed, although with some inconsistences, the worst inflammatory damage occurred in the limbs of the untreated CIA mice (DD 4+), followed by the CIA mice treated with arachidonic (ω6) acid (DD 3.18+), then the CIA mice treated with docosahexaenoic (ω3) acid (DD 1.75+), and finally the CIA mice treated with oleic (ω9) acid (DD 0.5+). The limbs of the CIA mice treated with dexamethasone (DEXA) appeared as healthy as the limbs of normal mice (DD 0.25+). . Average damage degree (DD) in the articulation tissues of DBA-1 mice immunized with CII and treated with diverse substances for 53 days. HLTH, healthy mice; CIA, mice with collageninduced arthritis; DEXA, mice treated with dexamethasone; ω3, mice treated with docosahexaenoic acid; ω6, mice treated with arachidonic acid; ω9, mice treated with oleic acid. The data were obtained by taking into account all of the animals in each group that showed the maximal histological alterations. Figure 7 illustrates the lymphoproliferative response of spleen cells taken from healthy (HLTH) mice and from CIA mice treated with mineral oil, dexamethasone (DEXA), DHA, AA, or OA. The 3 omega UFAs tested depressed the lymphoproliferative response to CII to levels comparable to those observed in the healthy group. Dexamethasone also had a significant inhibitory effect, but this effect was less marked than that observed with any of the UFAs tested. In all cases, compared with the CIA group, the inhibitory effects observed were highly significant (P < 0.05).
The Splenocytes of CIA-Mice Treated with the Omega UFAs Showed a Depressed Proliferative Response to CII
Treatment of CIA Mice with Omega UFAs Did Not Significantly Affect Their Humoral Response to CII
Even though the Mann-Whitney test suggested a significant difference between the group of mice treated with OA (ω3) and the untreated CIA group, this difference was not clearly reflected in the graphical illustration of the results. Dexamethasone did not significantly affect the anti-CII antibody levels (Figure 8 ).
Discussion
A series of reports have linked the Mediterranean diet with a low risk of chronic inflammatory degenerative diseases, and some of these have reported curative effects. The beneficial effects observed have been attributed to the polyphenols and monounsaturated fatty acids (UFA) contained in the Mediterranean diet's nourishments (MDNs) (fish, olive oil, fresh vegetables and fruits, almonds, nuts, etc.). The anti-inflammatory effects of the MDNs have been experimentally studied with oils and derivatives, and the results have shown that polyphenols and oleuropein aglycones extracted from extra-virgin olive oil have a marked anti-inflammatory effect in a murine model of collagen-induced arthritis. These two types of compounds decreased joint edema, pannus accumulation, cartilage degradation and bone erosion by reducing the levels of pro-inflammatory cytokines and prostaglandin E2, the expression of cyclooxygenase 2, and the level of microsomal prostaglandin E synthase-1 [20] [21] . In addition, the Greenland-Eskimo diet, in which the basic nourishment consists of seal, whale and fish meat, all of which are rich in ω3 UFAs, has also been recognized to exert beneficial effects. In the present study, we comparatively tested the prophylactic effects of the purified UFAs docosahexaenoic acid (DHA, ω3), arachidonic acid (AA, ω6) and oleic acid (OA, ω9) in a murine model of collagen-induced arthritis (CIA). Female DBA-1 mice were immunized with chicken collagen type II, and treatment with light mineral oil (the UFA vehicle), dexamethasone, DHA, AA, or OA was started the following day and continued for 53 days. The effects of the treatments were monitored over a period of 53 days on the basis of two parameters: thickness of the paws and inflammation indices. The final effects on day 53 were analysed through a histopathological examination of the pads. The lymphoproliferative response (cell-mediated immunity) and the level of antibodies (humoral immunity) to CII were also evaluated in the present study.
There were clear correlations between the paw thickness and the inflammation indices tested, with the front paws showing the highest degree of inflammation. OA (ω9) and DHA (ω3) showed the greatest anti-inflammatory effects, whereas AA (ω6) exerted the least effects. Additionally, there was a direct correlation between the inflammatory and histopathological changes. At the end of the study, i.e., on day 53, prominent inflammatory infiltration with overt articulation damage was observed in the untreated CIA mice, and only slightly less inflammation was observed in the animals treated with arachidonic (ω6) acid. In contrast, some islets of inflammatory tissue continued to be observed in the CIA mice treated with oleic acid (ω9) and, to a lesser extent, in those treated with docosahexaenoic (ω3) acid, but the presence of regenerative tissue with obvious signs of cartilage and bone repair (abundance of young chondrocytes and osteoclasts, respectively) was the predominant feature. The lower anti-inflammatory activity of arachidonic acid was comprehensible because this acid, when metabolized through the inducible cyclooxygenase pathway, produces eicosanoids (prostaglandins, thromboxanes and leukotrienes), which are metabolites with strong pro-inflammatory activity. In contrast, the beneficial effects of oleic and docosahexaenoic acids appear to be related to their ability to give rise to resolvins and protectins, which decrease inflammatory infiltration by interfering with signalling pathways related to the activation of NFκB, a transcription factor necessary for the synthesis of pro-inflammatory cytokines, including cellrecruiting chemokines [22] . Oleic acid (OA) has many documented effects on the immune system that could explain its anti-inflammatory activity observed in the present study. Although several cells appear to be affected by oleic acid in different manners, inhibition of the lymphoproliferative response of T cells has been one of the most consistent findings [23] , a finding that was corroborated in the present study. A similar effect has been described for oily fish rich in ω3 DHA [24] .
Several in vitro studies have shown that ω3 UFAs interact and amalgamate with the membrane lipids of lymphocytes, thereby affecting their function, including cell migration, adhesion, diapedesis, and cell proliferation [25] . DHA and OA block the synthesis of IL-2 by interfering with the activity of MAPK, STAT5a/b, AKT, and ERK1/2, arresting the transition from G0 to G1 [25] [26] . In addition, the metabolism of oleic and linoleic acids leads to the synthesis and accumulation of triglycerides and ceramides, which have been proven to be toxic to and apoptogenic in lymphocytes [27] [28] . All of these data support the beneficial effects of oleic acid and DHA in arresting the development of CIA in mouse. These results increase the opportunity for the molecular study of omega UFAs as anti-inflammatory agents in arthritis and other inflammatory diseases.
The finding that most of the tested UFAs and dexamethasone had a minor effect on the production of anti-C-II antibodies indicates that humoral immunity to CII has a small participation in this murine model of collagen-induced arthritis. Oleic acid, however, had a moderate down-regulating effect on the antibody response to C-II (Mann-Whitney test), perhaps by affecting the helping activity of Th cells on B cells.
In summary, the results show that oleic acid (ω9) was the more efficient anti-inflammatory UFA for the CIA murine model, and this finding has to be taken into account when designing alternative treatments for arthritis in humans.
Conclusion
This paper, the first where three purified omega unsaturated fatty acids are comparatively studied, corroborates previous findings on the anti-inflammatory effect of ω-3 DHA and unveils a better effect of ω-9 OA. A diet rich in these ω-UFAs may improve the anti-inflammatory effect of the conventional disease modifying anti-rheumatic drugs currently used in the treatment of arthritis.
